ABSTRACT: Prior site-directed mutagenesis studies in bacterial ketosteroid isomerase (KSI) reported that substitution of both oxyanion hole hydrogen bond donors gives a 10 5 -to 10 8 -fold rate reduction, suggesting that the oxyanion hole may provide the major contribution to KSI catalysis. But these seemingly conservative mutations replaced the oxyanion hole hydrogen bond donors with hydrophobic side chains that could lead to suboptimal solvation of the incipient oxyanion in the mutants, thereby potentially exaggerating the apparent energetic benefit of the hydrogen bonds relative to water-mediated hydrogen bonds in solution. We determined the functional and structural consequences of substituting the oxyanion hole hydrogen bond donors and several residues surrounding the oxyanion hole with smaller residues in an attempt to create a local site that would provide interactions more analogous to those in aqueous solution. These more drastic mutations created an active-site cavity estimated to be ∼650 Å 3 and sufficient for occupancy by 15À17 water molecules and led to a rate decrease of only ∼10 3 -fold for KSI from two different species, a much smaller effect than that observed from more traditional conservative mutations. The results underscore the strong context dependence of hydrogen bond energetics and suggest that the oxyanion hole provides an important, but moderate, catalytic contribution relative to the interactions in the corresponding solution reaction.
ABSTRACT: Prior site-directed mutagenesis studies in bacterial ketosteroid isomerase (KSI) reported that substitution of both oxyanion hole hydrogen bond donors gives a 10 5 -to 10 8 -fold rate reduction, suggesting that the oxyanion hole may provide the major contribution to KSI catalysis. But these seemingly conservative mutations replaced the oxyanion hole hydrogen bond donors with hydrophobic side chains that could lead to suboptimal solvation of the incipient oxyanion in the mutants, thereby potentially exaggerating the apparent energetic benefit of the hydrogen bonds relative to water-mediated hydrogen bonds in solution. We determined the functional and structural consequences of substituting the oxyanion hole hydrogen bond donors and several residues surrounding the oxyanion hole with smaller residues in an attempt to create a local site that would provide interactions more analogous to those in aqueous solution. These more drastic mutations created an active-site cavity estimated to be ∼650 Å 3 and sufficient for occupancy by 15À17 water molecules and led to a rate decrease of only ∼10 3 -fold for KSI from two different species, a much smaller effect than that observed from more traditional conservative mutations. The results underscore the strong context dependence of hydrogen bond energetics and suggest that the oxyanion hole provides an important, but moderate, catalytic contribution relative to the interactions in the corresponding solution reaction. U nderstanding the mechanisms that enzymes use to accelerate chemical reactions has been a central goal of biochemistry. The now-standard tools of site-directed mutagenesis and X-ray crystallography have contributed enormously to our understanding of enzyme action, identifying residues important for catalysis and placing them within the context of the active site. Nevertheless, quantitative understanding of the mechanisms by which enzymes achieve their rate enhancement remains limited.
Hydrogen bonding to groups that develop charge in the course of a reaction is a prevalent feature of enzyme active sites, and the classic example is stabilization of the incipient oxyanion in the oxyanion hole of serine proteases. 1À4 Nevertheless, experimental studies of the catalytic contribution from oxyanion hole hydrogen bonds are limited. For most serine proteases, the oxyanion hole hydrogen bonds are mediated by backbone amides and therefore cannot be readily mutated. Subtilisin was used in classic site-directed mutagenesis studies by Wells, as one of the oxyanion hole hydrogen bond donors is an Asn side chain, but the other oxyanion hole hydrogen bond donor, a backbone amide, could not be investigated. 3, 4 Further, it is tempting to interpret rate effects from simple mutations as reporting on the contribution of individual residues to catalysis. However, different mutations can give different effects, and minimal or "conservative" mutations may introduce unfavorable effects beyond removal of a functional group, thereby exaggerating the apparent energetic benefit of the enzymatic group.
5À7
KSI catalyzes the double bond isomerization of steroid substrates that involves formation of a dienolate intermediate within an active-site oxyanion hole composed of the side chains of Tyr16 and Asp103 and thereby allowing both oxyanion hole hydrogen bond donors to be probed by mutagenesis (Scheme 1). 8 We report herein the effect of fully removing the oxyanion hole hydrogen bond donors and also surrounding residues in an effort to replace the oxyanion hole with an aqueous-like environment. The results suggest a surprisingly small contribution of the oxyanion hole, relative to interactions in the corresponding solution reaction.
Previous studies reported that the Pseudomonas putida (pKSI) and Comamonas testosteroni (tKSI) double mutations that remove the Tyr and Asp hydrogen bond donors in the oxyanion hole result in a 10 5 -and 10 8 -fold decrease in activity, respectively (pKSI, Y16F/D103L; tKSI, Y16F/D103A; pKSI numbering is used throughout for simplicity). 9, 10 The large rate reductions observed in the mutagenesis experiments and additional spectroscopic and computational studies have led to the suggestion that the oxyanion hole provides a major contribution to KSI catalysis.
11À13 Nevertheless, the conservative mutations replace the oxyanion hole hydrogen bond donors with bulky, hydrophobic side chains that could lead to suboptimal solvation of the incipient oxyanion in the mutants, thereby potentially exaggerating the energetic benefit of the hydrogen bond compared to water-mediated hydrogen bonds in solution. 7, 14 Indeed, Kraut et al. reported that, whereas the conservative Y16F mutation alone results in a ∼10 5 -fold effect, mutation of Journal of the American Chemical Society COMMUNICATION Y16 to the less conservative Ala, Gly, Ser, Thr leads to a much smaller rate reduction of only ∼10 2 -fold ( Figure 1A ). 7 The Y16F mutation was suggested to replace Y16 with a hydrophobic environment, whereas mutation of Y16 to smaller residues appears to replace Y16 with a water-filled cavity that provides aqueous-like solvation of the oxyanion. 7 Thus, the catalytic contribution from the oxyanion hole relative to the nonenzymatic solution reaction might be smaller than previously ascribed from the seemingly conservative site-directed mutagenesis. 9, 10 Mutations of the D103 oxyanion hole hydrogen bond donor lead to a rate decrease of ∼10 2 -and ∼10
3
-fold for pKSI and tKSI, respectively (pKSI, D103L; tKSI, D103A).
9,10 These mutations again might not create sufficient space for water to replace the enzymatic hydrogen bond donor and could similarly exaggerate the energetic benefit of the enzymatic hydrogen bond donor compared to a water-mediated hydrogen bond.
We set out to determine whether less conservative oxyanion hole mutations would be less disruptive to KSI catalysis, presumably because hydrogen bonds to water could be restored, and we tested this model by mutating residues surrounding the oxyanion hole to create a local site that might provide interactions more analogous to those in aqueous solution.
Our results with the substrate 5(10)estrene-3,17-dione [5(10)EST] for the pKSI D103A and D103L mutations are similar to the previously reported ∼200-fold rate decrease for the pKSI D103L mutation using the substrate 5-androstene-3, 17-dione (5-AND) ( Figure 1B and Table S1 ). 9 We primarily used 5(10)EST to ensure that a chemical step is rate limiting and that K M reflects binding. 15 Similar results for oxyanion hole mutations were obtained using the steroid substrate, 5-AND, and a one-ring substrate, 3-cyclohexen-1-one (Supporting Information). In contrast to the results with D103A and D103L, mutation to a smaller Gly residue at this position gave only a 28-fold rate decrease ( Figure 1B) ; the smaller Gly might open more space and reduce or eliminate unfavorable interactions introduced from the seemingly conservative mutations.
We next considered both oxyanion hole hydrogen bond donors together. We mutated both pKSI residues to either Ala or Gly. The overall pKSI Y16A/D103A structure (PDB ID 3T8N) was the same as that previously determined for wild-type pKSI (PDB ID 1OPY), with a root-mean-square deviation of 0.3 Å for the backbone atoms and no indication of structural rearrangements introduced by the mutations ( Figure S1 ). With 5(10)-EST, the Y16A/D103A double mutation led to a 45 000-fold decrease in activity, similar to the ∼10 5 -fold effect previously reported for Y16F/D103L using 5-AND ( Figure 1C) . 9 However, the more drastic Y16G/D103G double mutation decreased activity less, by only 1200-fold ( Figure 1C , red bar, and Figure S2 ). (Table S1 ). The ∼40-fold smaller decrease in activity for the double glycine mutant compared to the double alanine mutant is not the result typically expected for more extensive and less conservative mutation, but the result is consistent with the model in that opening more space creates a water-filled cavity that replaces the enzymatic oxyanion hole hydrogen bond donors. Thus, the ∼10 3 -fold rate reduction for KSI without enzymatic oxyanion hole hydrogen bond donors suggests that the oxyanion hole may provide a significantly smaller catalytic contribution than the 10 5 -to 10 8 -fold suggested from site-directed mutagenesis experiments.
9,10 Alternatively, the double Gly mutation could introduce fortuitous interactions, e.g., from ordered water molecules that mitigate some of the deleterious effect. To further test these models, we performed additional tests in pKSI and in the related tKSI.
If the Y16G/D103G double mutant were to render the oxyanion hole effectively water-like, additional mutations that open space would have little effect on activity. In contrast, if structured water molecules stabilize the incipient oxyanion in the Y16G/D103G double mutant, then these additional cavity mutations would be expected to disrupt the positioned waters, thereby decreasing activity. The extensive mutagenesis necessary to "excavate" the oxyanion hole is likely to disrupt folding or positioning for many enzymes, so there could be multiple origins of additional deleterious effects. Fortunately, KSI is amenable to the extensive mutagenesis necessary for in-depth investigation of oxyanion hole catalysis.
The pKSI oxyanion hole hydrogen bond donors (red) are surrounded by two hydrogen-bonding residues, Tyr57 and Tyr32 (blue), and a constellation of hydrophobic residues (black and green, Figure 2A) . We mutated the active-site tyrosine residues and multiple surrounding hydrophobic residues to create space. Tests to ensure the stability of these mutants are described in the Supporting Information. Remarkably, the additional mutations led to little change in activity ( Figure 2B ) compared to the Y16G/D103G double mutant ( Figure 2B , red bar). The similar activity for mutants with additional surrounding groups removed supports the model that mutation of Tyr16 and Asp103 to smaller Gly residue replaces the oxyanion hole with an effectively solution-like site.
We next tested if analogous mutations leads to similar results in the related tKSI. The homologous pKSI and tKSI enzymes have the same oxyanion hole hydrogen-bonding residues, but the surrounding residues are different, so it is unlikely that there would be the same coincidental effects from mutations that might reposition groups or give prepositioned water molecules within the oxyanion hole.
Previous studies using the 5-AND steroid substrate reported an enormous rate reduction of 10 8 -fold for Y16F/D103A tKSI. 10 We determined that mutation of both tKSI oxyanion hole hydrogen bond donors to Ala led to a 10 5 -fold decrease in activity ( Figure S3 ). Mutation of both oxyanion hole hydrogen bond donors to Gly again led to a less severe effect of ∼10 4 -fold ( Figures S3 and S4) . Mutation of the neighboring Tyr57 to Phe and Ala increased or led to little further change in the oxyanion hole background ( Figures S3ÀS5) . The similar effects Table S1 . A comparison of k cat /K M values reveals a similar trend (Table S1 ).
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-fold in pKSI and tKSI from mutations to create space in the oxyanion hole (Tables S1ÀS5) suggest that the smaller rate effects are not from coincidental effects introduced upon mutation.
The functional tests described above assume that the mutations open space for water and that there are no structural rearrangements that enhance function. We were unable to obtain diffractable crystals of the Gly oxyanion hole mutants, but we were able to solve the crystal structure of tKSI Y16A/Y57F/ D103A (PDB ID 3T8U, Table S6 ). The overall structure obtained at 2.5 Å resolution is nearly identical to that of wildtype tKSI (PDB ID 8CHO; 2.3 Å), 16 with a root-mean-square deviation of 0.4 Å for backbone atoms. The electron density map for the tKSI Y16A/Y57F/D103A structure, contoured at 1.0σ, shows well-defined density for the modeled atomic positions of the residues surrounding the oxyanion hole ( Figure 3A) , with modeled side-chain positions nearly superimposable with wild type. Thus, the X-ray crystallographic results suggest the mutations do not induce structural rearrangements ( Figure S6) . Removal of the oxyanion hole residues generates a cavity of ∼150 Å 3 ( Figure 3B ), sufficient to accommodate 4À5 waters. 17 The subsequent mutations of surrounding groups in tKSI and pKSI presumably allow access of additional water molecules with space sufficient to accommodate 15À17 waters in the most severe mutants. 17 As activity is increased for multiple variants relative to that of the Ala oxyanion hole mutants, these mutations presumably do not cause deleterious active-site rearrangements.
The results herein indicate that mutations that ablate both oxyanion hole hydrogen bond donors and open space for water result in ∼10 3 -to ∼10 5 -fold smaller rate decreases in pKSI and tKSI compared to the more conservative Y16A/D103A and Y16F/D103A mutations (Table S1 and ref 10 ). The variation in rate effects with different mutations underscores that hydrogen bond energetics and mutagenesis experiments are highly context dependent. In the nonenzymatic solution reaction, water can rearrange to solvate the incipient oxyanion ( Figure 4A ). Wild-type KSI has two oxyanion hole hydrogen bond donors positioned to hydrogen bond with the oxyanion ( Figure 4B ). "Conservative" mutations replace the enzymatic hydrogen bond donors with a hydrophobic environment that desolvates the localized negative charge in the transition state relative to aqueous solution ( Figure 4C, gray shading) , whereas water in the carved-out mutant arranges to stabilize the localized negative charge, as also occurs in solution ( Figure 4D ).
These and other aspects of the energetics of hydrogen bonding are complex. Hydrogen bonds donated by the enzyme are expected to be energetically favorable relative to hydrogen bonds donated by water as the enzymatic groups have lower pK a values than water and are thus stronger hydrogen bond donors. 18, 19 In addition, the enzymatic hydrogen bonding groups are prepositioned to favor hydrogen bonding in the transition state, whereas water molecules must rearrange to optimize interactions in the transition state. 14, 20 However, in the carved-out mutants and in solution, three hydrogen bonds might form with the oxyanion. Hydrogen bond energetics are also sensitive to the surrounding environment, and a favorable process that involves charge accumulation in aqueous solution can be unfavorable in other environments. 14, 21 Enzymes catalyze reactions relative to the nonenzymatic reaction in water. Replacing the oxyanion hole hydrogen bond donors with a water-filled cavity provides an important though crude estimate of the catalytic contribution from the oxyanion hole hydrogen bonds compared to the analogous reaction in water in which there are water-mediated hydrogen bonds. Prior results have indicated that wild-type KSI provides a 10 11 À10 12 -fold rate increase above the acetate-catalyzed isomerization of 5(10)EST ( Figure 5) . 14, 22, 23 KSI with the oxyanion hole and surrounding residues removed provides an ∼10 9 -fold rate increase compared to the acetate-catalyzed reaction, only ∼10 3 -fold less than wild-type KSI. These comparisons strongly suggest that the oxyanion hole provides an important, but moderate, catalytic contribution and focus us on the task of uncovering how binding Journal of the American Chemical Society COMMUNICATION interactions and general base catalysis can provide the remaining substantial catalytic contributions. 24 The ∼10 3 -fold rate reduction for full ablation of the KSI oxyanion hole is similar to the rate effects previously reported for mutation of the Asn oxyanion hole hydrogen bond donor to Ala, Leu, Thr, and Gln in subtilisin, a serine protease. 3, 4 While the effect from ablating all oxyanion hole hydrogen-bonding groups in subtilisin could be larger than the effects reported for single mutations, perhaps the oxyanion hole is no longer utilized in the mutants such that the overall modest effect of the oxyanion hole is general. Support for the latter model arises from the observation of incipient oxyanions pointed away from serine protease oxyanion holes 25, 26 and the similar mutational effects of the oxyanion hole Asn of subtilisin and Kex2 to neutral residues versus the presumably negatively charged Asp residue. 4, 27 It will be fascinating to ascertain the generality versus idiosyncrasies of oxyanion hole and other catalytic contributions between different enzymes by using extensive mutagenesis akin to that carried out herein. 
